A control-oriented dynamic model for acoustic-thermal-fluid coupling problem in thermalacoustic fatigue testing facility was presented in this paper. By this control-oriented model, transient dynamic process of multi-physics coupling problem in a progressive wave tube could be approximately studied. The proposed model is verified by comparing to computational results using acoustic and fluid computational tools. We found that the proposed modeling method is much faster than classical acoustic and fluid computational methods. The modeling result agrees largely well with the computational results. The potential reasons of the modeling errors are discussed in this paper. Then, the model should be useful in fatigue testing preparation and evaluations.
I. Introduction
Progressive wave tube 1 and reverberation room are the main experimental facilities that are generally used in thermal-acoustic fatigue tests of thermal protection materials. In aeronautic and astronautic testing experiment, harsh environment like high temperature, high intensity sound or vibration should be taken into consideration to test the working-hours of a specimen. For example, thermal protection materials are critical to re-entry spacecrafts and hypersonic cruise vehicles, which simultaneously subject to significant aerodynamic heating (> 1000
• C) and stringent aeroacoustic load (could reach 165 dB, or even higher). The failure of thermal protection materials has led to the tragic accident of the Space Shuttle Columbia and the recent loss of Hypersonic Test Vehicle (HTV-2). The extensive thermal-acoustic testing of thermal protection materials is therefore extremely important before the final deployment. This work tries to model the multi-physics coupling between acoustic, thermal and fluid in a thermal-acoustic testing facility.
The ceiling view of a typical progressive wave tube is shown in Fig. 1 . It can be seen that the facility consists of acoustic and heat sources, an enclosed test section (with a rectangular cross-section) and an anechoic outlet. Sound waves are generated by an electropneumatic acoustic generator that modulates high pressure air from the plenum. As a result, sound pressure waves of desired frequencies and intensities can be yielded at the throat of the air modulator. A horn loudspeaker then increases the driving efficiency by matching the acoustic impedance between the throat of the air modulator and the test section. One vertical wall of the test section is incorporated with the test specimen that is thermally irradiated by a heater, which is surface mounted on the opposite wall of the test section. Sonic fatigue properties can thus be evaluated for the specimen that simultaneously exposes to acoustic progressive wave and heat radiation.
Heat transfer enhanced by acoustic wave has been studied in the literature mainly for acoustic streaming, [2] [3] [4] [5] which is a steady circulation flow that occurs in a strong sound field. Heat fluxes affected by standing wave in an enclosed chamber 3 and progressive wave in a pipe 4 have been studied, respectively. It was shown that the Nusselt number noticeably varies with respect to, various amplitudes of sound wave. At high amplitude, which is the case for hypersonic sonic fatigue testing, it was found that the heat transfer coefficient of a cylindrical wire follows the classical forced convection formulation of a steady flow whose speed equals the effective speed of sound wave.
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Hypersonic sonic fatigue test is different in that the high intensity sound wave is generated by modulating high pressure air, which yields a flow in the test section that generally overwhelms the steady secondary flow driven by the sound wave. Designs of thermal-acoustic experiments are thus challenging for hypersonic vehicle because of the physical coupling between acoustic, fluid and heat transfer.
Most preceding computational investigations have assumed constant heat boundary conditions. Unfortunately, this simplification is not entirely applicable to sonic fatigue tests of hypersonic vehicle designs. As Fig. 1 suggests, the temperatures of the heater wall (the quartz window) and the specimen wall are both irradiated by the filaments of the heater. The filaments are made by tungsten that act as electrical resistance to convert electric energy into heat. As a result, the temperatures and the heat fluxes of the pipe walls are indirectly manipulated, mainly through heat radiation from the filaments, and largely affected by forced convections and only slightly by heat conductions. For acoustic fatigue tests, it is essential to gain an insight of heat transfer dynamics, given the heat power input and acoustic intensity input. More specifically, it is desirable to have temperature rising curves of the heater wall and the specimen wall under different intensities and frequencies, which could be very useful in assisting experimental designs and evaluations. In addition, the desired strengths of acoustic wave and heat radiations are maintained by a carefully designed closed-loop control system, 1 which also requires a deep insight of the inherent coupled physics of acoustics, fluid and heat transfer.
In this work, transient dynamics of heat transfer in a progressive wave tube is theoretically modeled. The following of this article is organized as follows. Section II describes the related formulations and physical models. Section III discussed the modeling assumptions and potential modeling errors. Section IV shows the dynamic model simulation and some computational acoustic simulations. Section V briefly summarizes the whole paper.
II. Formulations and Models

A. Sound source
In progressive wave tube or reverberation room, electropneumatic acoustic generator is usually used for effective sound generation. An ordinary electropneumatic acoustic generator is shown in Fig. 2 (also in Fig. 1 ). We have
P and U represent pressure and flow speed at the horn throat; the subscripts of (·) 0 denote those variables at standard atmospheric environment; and p, u represent the acoustic oscillation. We assume that the sound wave at horn throat is a plane wave, 6 then
where ρ, c represent air density and sound speed. The acoustic oscillation and the total pressure had the following relationship, The flow velocity U (t) at horn throat can then be approximated, given the desired sound pressure level (SPL). U (t) thereafter acts as the fluid boundary condition for the subsequent study.
B. Control-oriented model
A control oriented model is a prerequisite for dynamic analysis and closed-loop control system design. 7 In addition, a first-principles based model could provide indispensable insights of inherent thermodynamics of a heat transfer process. A so-called flow diagram has been developed to describe heat transfer of plate heat exchanger. 8 The model was later extended using the typical control modeling method, the block diagrama based on the Laplace transform, to predict transient response of plate heat exchangers with a step flow variation.
9, 10 Those control oriented models implement inherent thermodynamic physics of heat diffusion and forced convection, which are subjected to unsteady-state energy balance. The transient dynamics of forced convections for the system can then be analyzed using classical frequency response analysis in control.
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The heat transfer process is presumably incompressible for the heater and the specimen. The process is described by the heat diffusion equation,
where k is the associated thermal conductivity;q is the collective heat generation (or consumption) rate within a specified volume Vol, i.e. Q ≜ ∫ Volq dVol; c p is the corresponding specific heat; and ρ is the associated density. Typical control methods only work for dynamic systems governed by ordinary differential equations. Then, spatial discretization based on finite difference or finite element 7 should be conducted to transform Eq. (1) to ordinary differential equations.
On the other hand, the spatial term of ∇ 2 can be simply omitted as long as the associated Biot number,
where L is the characteristic length (of the heater or the specimen), and h is the heat transfer coefficient averaged over the characteristic length. The heater and the specimen used in this work presumably satisfy this simplification. Then, we havė Energy balance is adopted to develop this thermodynamic model. Figure 4 shows the control oriented model of the specimen. In this figure, the subscript of (·) S denotes those variables relating to the specimen; the subscript of (·) H denotes those variables relating to the heater; m is the mass; σ is the Stefan-Boltzmann constant (5.6704
; S is the surface area of the associated wall that is assumed diffuse and grey with the emissivity of ε; T S are the wall temperature of the specimen; and F H−S is the view factor from the heater to the specimen, and so on.
The test section of sonic fatigue tesing facility can be approximately regarded as a rectangular duct. The width of the duct is a and the height is b. The equivalent diameter is D = 2ab/(a + b). The two vertical pipe walls incorporate the heater and the test specimen, respectively (see Fig. 1 ). In general experimental designs, a ≪ b, and thus the heat transfers to and from the ceiling and the floor walls are omitted in the following heat transfer analysis for simplicity. Gravitational and buoyancy convections are also neglected.
We can regard the specimen as a subsystem of the progressive wave tube. Heater radiation energy Q H rad will reach the specimen by multiplying a coefficient F H−S . The temperature increase if the specimen satisfies,
The radiation of the specimen follows Stefan-Boltzmann radiation law, Q S rad = εσS S T 4 S (see Fig. 4 ). As a result, the heat energy inputs to the specimen are mainly the radiations from the high temperature filaments (Q ′ H rad ). Other heat energy inputs, including radiations from other walls and heat conduction, are set to nil in this model. The collective energy inputs are then balanced by the forced convection (Q Sconv ) and the radiation energy from the specimen (Q S rad ). In addition, the instantaneous wall temperature of the specimen (T S ) can also be achieved with the model. The associated control oriented model of the heater is shown in Fig. 5 . The heater mainly consists of quartz lamps that are flush mounted on one side wall of the test section. Each lamp element typically radiates heat in the order of kilowatt through a quartz window (i.e. the heater wall), which seals the filaments of the lamps with inert gas to prevent oxidation failure. In this figure, the subscripts of (·) f and (·) q denote those variables relating to the filaments and the quartz window, respectively; F denotes the view factor; and T q is the wall temperature of the quartz window.
The filaments quickly heat up by converting electric energy into heat Q elec . The resultant heat radiation from the filaments Q f rad is partially absorbed (α%, see Fig. 5 ) by the quartz window, which then heats up and radiates heat energy (Q H rad ). Some filaments radiations (β%) directly pass through the quartz window. In addition, the filaments are irradiated by the specimen in a similar way. 
C. Heat transfer in the flow
Heat transfer in the flow is more complicated. The turbulent pipe flow in the test section is presumably incompressible, one dimensional, and fully developed. The main part of the flow field comes from the high pressure air supply that generates the sound. In this work, the entire heater and specimen surfaces are treated as a heat exchanger. This exchanger contains the influence from sound and flow to heat transfer. As a simplified convection model, this influence was estimated as follows. First, we approximately estimate the Reynolds number of the unsteady flow,
where D is the characteristic length of the rectangular duct; U is the averaged speed of the flow in the test section;ṁ is the mass flow rate; A c is the region area of the cross section; and the fluid density ρ and the dynamic viscosity µ are functions of T * , which is defined by
where T in is the flow temperature at the inlet of the test section; and T out is the flow temperature at the outlet of the test section. Following Petukhov's correlation, 12 the friction factor for the presumably smooth test section walls is
The Nusselt number can then be calculated by Gnielinski's correlation:
where Pr is the Prandtl number that depends on T * . As a result, the heat transfer coefficient across the entire test section walls is approximated by
where k f (T * ) is the conductivity of the gas, and L is the length of the test section. Given h, we have
The associated derivation is omitted for brevity. Given T in , iterations between Eqs. (5)- (9)are conducted until T out converges. The heat loss due to the forced convection can then be approximated by calculating,
It is worthwhile to mention that other correlations could be considered. For example, Colburn and Dittus-Boelter formulations have been adopted in the literature. 3, 9, 14 Additional experiments should be performed in test facilities to verify the chosen correlation. For different correlations of heat convection, the whole preceding procedure of the analysis is still the same. 
D. The entire model
The dynamic model of the entire system is shown in Fig. 7 . The details of each block can be found in Fig. 4-6 . It can be seen that the instantaneous wall temperatures of the specimen and the heater (T S and T q ), the flow temperature at the outlet (T out ) and the forced convection(Q conv ). Given the energy input Q elec and the flow temperature at the inlet (T in ), convections (Q qconv and Q Sconv ) can be achieved, by
and It is worthwhile to mention that the proposed model is nonlinear and should be linearized before designing closed-loop control system. This is beyond the scope of this paper. In addition, the model includes many parameters that can be determined in practical experiments, including the mass, the specific heat, and the emissivity of the filaments, the quartz window and the specimen.
III. Model Assumptions
The preceding model makes some assumptions, which include:
• The test section is perfectly insulated from the surroundings. Only the heater and the specimen are considered in heat radiations and convections. The heat transfer effects of other walls are omitted here. It is straightforward to include those effects in a high confidence model.
• Eq. (1) describes heat diffusion in a stationary medium. For the pipe flow of U , the diffusion equation has the form
For simplicity, the terms of ∇ · k∇T and U ∂T ∂x are omitted in our model Spatial difference methods should be considered to approximate those partial differentials. A discretized model with much more states will then be constructed.
• The high intensity sound wave imposed on the test specimen is generated by modulating airstream from the high pressure plenum. Given the desired SPL, theoretical analysis developed in the literature 15, 16 yield the resultant flow speed and the flow mass rateṁ at the throat of the horn. The Mach number of the flow in the test section is generally less than 0.3. The fluid process is therefore presumably incompressible. In addition, the flow is hydrodynamically fully developed and uniform inside the crosssectional region. In addition, natural convections are omitted in this model. For specific tests, the Grashof number can be examined to ensure the suitability of these simplifications.
• The pipe flow is both time and spatial variant (see Fig. 8 ), when high intensity acoustic waves are generated by modulating high pressure air flow. The forced convention could be enhanced in a unsteady flow. However, almost all existing correlations are only for forced convections in a steady flow. Hence, the forced convection predicted by the model could be underestimated. For specific test facility, experimental investigations should be performed to obtain the associated correlation formulations. • Acoustic waves of high intensity drive a secondary flow, which is the so-called acoustic streaming, by the absorption of high amplitude acoustic oscillations during the propagations. The forced convection caused by acoustic streaming is not considered in the proposed model. To analyze this model error, we simply assume a one-dimensional, incompressible, horizontal flow passing from the horn to the test section. At the inlet of the test section, the flow speed u in takes the form as
where u 0 is the stationary part of the flow, u ac is the oscillating amplitude from acoustic waves, ω is the angular frequency of the acoustic wave, and k is the wavenumber in the x-axis. A secondary streaming could then be driven. Outside the acoustic boundary layer (with the Stokes depth of δ a = √ νπf ), the steady velocity of the acoustic streaming is 2 ,
where c 0 is the speed of sound. Heat convections due to acoustic streaming can be negligible if u as ≪ u 0 , which is generally the case in thermal-acoustic tests (see Fig. 8 ). In addition, an empirical correlation in the literature 3 suggested that the heat transfer enhancement in presence of acoustic streaming is proportional to (13.3 ± 1.3) 2 νπf /u 2 in , where ν is the kinematic viscosity of the air, and f is the frequency of the acoustic wave. In a particular case that a 125 Hz sound wave at 165 dB, the heat transfer enhancement should be 0.9% of whole energy transfer, so the effect of acoustic streaming on energy can be neglected in this case.
IV. Simulation
The above control-oriented dynamic model is implemented using MATLAB Simulink toolbox. The dynamics can be yielded very quickly. Some experiments were performed to verify the proposed model. In the experiments, the heater power was varied and the resultant temperature rising curve on the specimen surface was measured. Figure 9 compares the experimental results and the modeling results. It can be seen that the model results agree largely well with the experimental results. It should be admitted that the forced convection due to acoustic input is absent in this experiments. For a typical progressive wave tube, we take the test section width a = 0.1 m, height b = 1.0 m, and provide 900 kW electric power input and 160dB(SPL) sound wave into the system. The high intensity wave is generated by electropneumatic acoustic generator which yields a 46.8 m/s flow in the test section as introduced. And in specific project practices, there are many parameters to determine the simulation condition. We take standard physical property parameters of filaments, quartz window and high temperature alloy specimen as simulation parameters, which will not be listed in this paper for brevity. Figure 10 shows the dynamic simulation results of temperature of specimen and quartz window. And Figure 11 shows the results under 160 dB sound plane wave. Different frequencies of sound make little influence on heat transfer as disscussed in Sec.II, but the flow takes away amount of the heat by forced convection and decreases the temperature on specimen wall and quartz window. The filaments get to steady state quickly because the heat capacity of filaments is much more smaller than other parts in the system. By analysing dynamic process results of the system, controller could be designed to control the temperature of specimen. Figure 12 shows the estimation of forced convection power loss. High intensity sound wave will effect instantaneous heat convection transfer, but have no obvious affect on entire heat transfer power in time average.
The proposed model is being validated by the commercial computational tool that combines laminar/-turbulent flow model and heat transfer model. Primitive computational results at some working conditions agree well with the modeling results. The computational time, however, is much more expensive. A cluster with 16 cores has to run the computational case for days to finally approach a convergent outcome. The proposed model is therefore very promising for practical experimental evaluations, designs and preparations. The numerical validation work is still ongoing and more results are going to be given in the follow-up paper. In addition, it is worthwhile to mention that reverberation chamber is also an important acoustic fatigue. The proposed model is only for progressive wave tube. In reverberation chamber, the test specimen is surrounded by the heater, which will prevent forced convection and could affect the sound intensity. A modified Sabine formulation is being developed in this work to estimate the SPL on the specimen surface. The work is also ongoing and details will be given in the follow-up paper. Some numerical simulations are given below to help readers gain basic physical insights of the problem. We assume that the reverberation room is 5 m × 5 m with two horns in left-hand side and one outlet in right-hand side. In the center of the reverberation room there is a cylindrical specimen surrounded by a torus heater. The holes on the heater allow sound wave propagating through to the specimen. More numerical setups are omitted for brevity.
Given the desired SPL at the horn outlet, the flow and acoustic boundary conditions are still estimated by using the model discussed in Sec. II. The characteristic velocity v = 10 m/s, length l = 1 m. In the primitive tests, the input sound is plane sound wave with a test SPL of 94 dB at the horn outlet. The sound frequencies are from 125 Hz to 1000 Hz. In practical experiments, the desired SPL is much higher. However, the present acoustic simulation is governed by linear Euler equations and thus can yield the same prediction.
A much higher sound input is being tested for a high intensity overall sound pressure level(OASPL). In computational work we find general boundary condition can not ensure a good performance for aeroacoustic computation. Figure 14 shows the background thermal-fluid field calculated by our model. After adding a specimen and round heater board to the reverberation room, we find that low frequency sound is more easily getting into the specimen (Fig. 15 ). This phenomenon is consistent with physical intuition (sound diffraction). The SPL on the specimen is slightly higher with a background flow than that with a stationary background flow. The primitive result shows the fluid effects can be neglected in the anechoic chamber tests, because the heater conceals the specimen and the resultant forced convection on the specimen is largely reduced. Figure 16 -18 show the SPL at various setting. It can be seen that the SPL increases when air is heated. The wavenumber will be less than that without heating circumstance. These results are consistent with physical intuition. Theoretical modeling and analysis are being prepared to support these numerical simulations.
V. Summary
In this paper we mainly proposed a control-oriented dynamic model for simulate the sound-heat-fluid coupling problem in progressive wave tube and reverberation room. The associated modeling assumptions for decoupling the multi-physics fields were discussed. The simulation results are partially validated by experiments. More extensive validations are being prepared. In the end of this paper, we briefly presents some numerical simulation results for anechoic chamber fatigue test cases. It can be seen that the specimen is concealed by the heater and the resultant SPL on the specimen surface could be reduced.
